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Abstract—Circuit breakers are expected to be a vital element
within any high capacity HVDC network. This paper examines
the directional current breaking capacity requirements that
might be seen on a typical HVDC grid, as required for the
specification of backup protection. It is shown that there is a
significant difference between the peak prospective fault currents
observed when the current direction is analysed. Several meshed
network topologies are examined in order to evaluate and quan-
tify the characteristics of the directional breaker requirement.
Results are presented determining that both the current breaking
magnitude duty and the time constraint typically associated with
the DC fault are both significantly different when comparing
the current direction through the breaker, which may influence
future breaker design.
I. INTRODUCTION
Given the drive towards renewable and sustainable energy
the cross-continental interconnection of power systems is
highly desirable, and the most economically feasible method
to provide long distance energy transfer with appropriate re-
liability uses meshed HVDC networks. Hybrid HVDC circuit
breakers have recently been proposed that are capable of
adequately protecting sensitive converter stations in 3ms to
5ms, however their implementation on a network is still to be
determined given the likely significant cost and footprint of
such a device. Backup protection will be required to mitigate
the risk of device failure, and this implies a need for bi-
directional current breaking capability. This paper evaluates
the directional current breaking capacity requirements that are
observed for circuit breakers on several topologies of meshed
HVDC networks.
II. FAULT CLEARANCE AND BACKUP PROTECTION ON
HVDC SYSTEMS
DC faults and protection are key technical challenges in the
enabling of DC networks. Although fault blocking converter
topologies have been proposed it is presently expected that a
HVDC grid will consist largely of fault feeding converters.
Converters can be considered sensitive to high currents given
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the semiconductor power electronic switches within the con-
verter. Protection systems must act quickly in order to isolate
any DC-side fault given the very high rate of rise of fault
current that is only limited by the inductance in the system.
The converter topology commonly considered to be the most
viable for a future cable-based HVDC network is the half-
bridge Multi-level Modular Converter (MMC) [1], which feeds
an uncontrolled fault current from the AC to the DC side in the
event of a DC under-voltage. Fast fault protection is therefore
required to protect the converter, isolate the fault and allow
for power transfer to resume.
A. Backup Protection and Directional Breaker Capacity
Protection systems and strategies for HVDC networks are
still in their infancy, and although there are many proposed
schemes and methods [2]–[7], no common agreement has
been reached. The two multi-terminal voltage source converter
based networks in operation at the time of writing isolate a
DC-side fault from the AC-side of each converter [8]. This
method of fault clearance may be suitable for lower power
networks, however when the power rating of an HVDC system
is increased the risk of loss of in-feed to the connected AC
systems becomes a concern. To mitigate this it is important to
achieve fast fault clearance to allow power transfer to resume
as quickly as possible, reducing the disturbance to the DC
network and connected AC systems.
Whilst most work to date has focused on the primary
protection method, there is also an interest in secondary
or backup protection given that the reliability of any one
CB or protection device cannot be absolutely guaranteed. A
requirement for backup protection has been identified in the
literature [9], [10], and it is further detailed that tripping all
of the breakers in the surrounding area is likely to provide
effective breaker failure protection [11]. Placing CBs around
a node into a pre-activation ’proactive mode’ could provide
backup protection in the event of device malfunction [12]
and CB failure modes are likely to require backup protection
implementing bi-directional hybrid breakers [13]. Algorithms
for coordinating backup protection have been discussed [14]
and developed for high speed operation with a 3ms delay on
the operation of backup protection [15].978-1-4673-7151-3/15/$31.00 c 2015 IEEE
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Fig. 1: Fault Currents about an HVDC Network Node
A pre-fault current through a bipolar DC network node is
shown in Fig. 1(a). This current direction, away from the
node, is defined as ’positive’ in this paper. An example of
a cable fault is shown in Fig. 1(b). Whilst the largest current
that a CB might be required to break is likely to be caused
by a fault on the cable adjacent to the breaker (applying to
breaker Y in this example), if the breaker nearest to the fault
fails, then the fault must be isolated by other network devices.
Under a cable fault condition the fault current is a combination
of the current contributed by the closest converter, the cable
discharge current and the current fed from remote converters.
The current that flows into a node is defined as ’reverse’
within this paper (as through breaker Z in Fig. 1(b)). When
considering a node with a CB on every cable connection,
backup protection must be provided by a CB that breaks the
current in a direction that is only required for this backup
function and in the event of a bus fault at the node.
Considering a simplistic network protection strategy, pri-
mary protection is expected to isolate the fault with the
breakers nearest to the fault, P and Q in Fig. 2(a). In the
event of a breaker failure, backup protection must isolate
the fault. At a network node without a converter, this is
likely to require all of the breakers about the local node to
open, isolating the fault from the remainder of the network
as shown in Fig. 2(b). Here only requiring communication
between breakers at a local node allows for a timely and
appropriate backup protection. At a network node with a
converter, protection would also be required such that the
converter does not continue to feed current into the fault -
this is likely to be isolated by the AC-side circuit breakers
of the converter Fig. 2(c). Once the current in the isolated
network segments falls to zero it would be expected that
disconnectors would isolate the faulted line and the remaining
network segments would then be re-energised.
Whilst when considering other converter topologies a differ-
ent or more relaxed protection scheme may be appropriate [7],
[16], [17], the results discussed in the following sections apply
in part to each of the known published protection schemes
for meshed HVDC cable networks implementing fault-feeding
converters and DC CBs [2]–[5], [7].
B. DC Circuit Breaker Implementation
Presently there are no full-scale HVDC Circuit Break-
ers (CB) in operation for purposes of fast fault isolation,
however some high power demonstrators exist. There are
several prominent proposed designs; resonant CBs which are
able to act in the 5ms to 30ms time-scale [18], [19], and
hybrid CBs which are capable of acting in the 3ms to 5ms
time-scale [20]–[22]. The peak breaking current of the highest
rated known prototypes are 9 kA and 15 kA [20], [22].
Whilst it is expected that the resonant style CB would have
a significantly smaller footprint and would be less complex,
the technology has not yet been proven for high power fast
fault isolation. Conversely, the hybrid CB has demonstrated
capability for very fast operation, however this comes at
significant cost and complexity. Several hybrid topologies
suggest a bi-directional and symmetrical CB [20], [22], typi-
cally consisting of combinations of anti-series semiconductor
devices whilst the highest rated prototype at the time of writing
implements parallel semiconductors [22], enabling a higher
current breaking capability. If current breaking capacity is only
required in one direction, then there is no longer a requirement
for anti-series semiconductors and the number of devices could
be reduced. Alternatively if there is a significantly diminished
requirement for current breaking capacity it may be possible
to reduce the capacity of the semiconductor devices in one
direction or use a different breaker technology for this duty.
Any topology implementing parallel devices may achieve a
reduction in parallel paths for one current direction, and any
energy dissipation required by varistor elements would be less
than when compared to the worst case fault in the forward
direction.
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Fig. 2: Examples of Backup Protection Requirements on
a Meshed Network (Red Indicates Closed Breaker, Green
Indicates Open Breaker or Isolated Converter)
III. ANALYSIS OF DC LOW IMPEDANCE FAULT CURRENTS
In order to evaluate the fault response of HVDC converters
and cables on a network, time domain simulation has been
conducted in which networks consisting of MMCs and trans-
mission cable models have been exposed to short circuit fault
conditions.
A. Modelling Methodology
Each MMC has been modelled using the ARTEMIS
model [23] with the parameters in Table I. The arm inductors
have been sized to limit the fault current in the event of a
fault at the converter terminal. Each converter arm is modelled
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Fig. 3: Three Terminal Network (solid lines), and Five Ter-
minal Network (all lines), in which Each Line Represents a
Bipolar Cable Arrangement with Breakers and Each Converter
Represents an MMC
with 75 sub-modules (SM), allowing for representation of
the converter dynamics whilst maintaining a reasonably low
computational burden. 525 kV XLPE cables are modelled,
representing the highest power cable that is commercially
available at the time of writing [24], and power electronic
technology is approaching the power ratings required to max-
imise power transfer using MMC topologies [25]. Cables have
been modelled using the wideband (frequency dependent phase
model) cable model included in the ARTEMIS blockset [26]
within the Matlab/Simulink environment. Further detail on
the converter and cable modelling methodology is presented
in [16]. Fig. 1 shows the configuration at each network node,
consisting of a CB and associated current limiting inductor
at each end of each cable. In common with proposed breaker
and protection schemes, e.g. [20], [27], a 100mH inductor
has been included at each end of each cable to limit the rate
of rise of fault current. Low impedance DC faults have been
modelled as a pole-to-pole 0:5
 resistance that is switched
into circuit at the point of fault inception.
TABLE I: Simulation Parameters
Converter Parameters
VDC 525 kV
IDC (IBASE) 2260A
NSM 75
LPHASE 0.1 pu
LARM 0.2 pu y
CDC 0 µF
Network Parameters
Cable XLPE 3000mm2 Cu
LBRK 100mH / pole y
ACSCR 15 y
y Base case parameter, varied in sensitivity study
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Fig. 4: Fault Currents Observed at the Breaker on a Symmet-
rical Three Terminal Network for a Fault at the end of Cable
B-C
B. Converter Control, Protection and Fault Response
Power flows are controlled by modulating power references
for the converters across the network, in which a positive
power reference indicates power transfer from the AC system
to the DC system. Converter A controls the network voltage.
In order to provide over-current protection for the lower diode
in each MMC half-bridge SM, when a 1.5 pu arm current
is detected the IGBTs in each SM are blocked and bypass
thyristors are enabled. Each converter station has individual
protection controls that act on localised measurements and do
not rely on communication with other converters or breakers
on the network.
C. DC Fault Response
In order to evaluate breaker requirements, preliminary re-
sults from a three terminal network have been examined.
Evaluating the converter and network response to a cable fault
at the breaker terminal it is observed that the prospective
forward breaker current (shown as positive on all figures)
at breaker BC quickly rises, Fig. 4(a). The DC fault causes
a voltage drop across the network, putting the MMCs into
uncontrolled rectification. This challenging fault scenario is
the key driver behind hybrid CB development. Now examining
the breaker response of breaker BA on an adjacent cable A-B,
the reverse breaking capability requirement can be analysed.
It is shown in Fig. 4(b) that although the breaker current in
the reverse direction (shown as negative on all figures) is not
insignificant, the rate of rise of fault current is considerably
slower and the peak current is lower compared to the forward
current in breaker BC. This is due to the additional inductance
of the cable and breaker inductors limiting the rate of rise
of current and the additional resistance of the cable limiting
the peak current. The local converter also feeds the majority
of the fault current during a terminal fault. The disparity
between forward and reverse capacity requirements will be
further examined in the following sections.
IV. EVALUATION OF DIRECTIONAL BREAKER CAPACITY
REQUIREMENT
The converter and network parameters in Table I are taken
as a base case for each simulation scenario where worst
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Fig. 5: Three Terminal Symmetric Network: Fault Currents at
Breaker BC Varying Pre-fault Power Flow Conditions
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Fig. 6: Three Terminal Symmetric Network: Breaker Fault
Currents Varying All Fault Current Limiting Inductors
case values for each parameter are chosen to evaluate the
prospective reverse breaker current. A sensitivity study on the
impact of these factors is undertaken in the following sections,
in which several parameters are individually examined to
determine the impact on the reverse current characteristic.
Unless otherwise stated fault studies are evaluated under zero
power flow conditions. As a reference for comparison the peak
prospective forward current is also shown in every case. It
should be noted that the two known hybrid breaker prototypes
have current breaking capacities of 4.0 pu and 6.6 pu.
A. Three Terminal Symmetric Network
In order to evaluate the directional current requirements of a
breaker under a variety of network conditions a three terminal
symmetric network, Fig. 3, has been evaluated with parameters
as shown in Table II. The symmetry of the network enables the
examination of selected network parameters whilst minimising
the effect of cable length on the results.
1) Pre-fault Power Flow: The forward and reverse fault
currents have been examined under several pre-fault power
flow conditions. Power references are examined that evaluate
the breaker currents such that each breaker on the network
experiences a fault under both maximum positive (+1 pu) and
maximum negative (-1 pu) pre-fault current conditions. For
each pre-fault power flow condition a simulation study has
been conducted for two fault locations; a fault at the terminal
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Fig. 7: Three Terminal Symmetric Network: Breaker Fault
Currents Varying the Per-unit Converter Arm Inductance
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Fig. 8: Three Terminal Asymmetric Network: Currents for a
Terminal Fault Adjacent to Each Breaker
of the breaker under examination and a fault at the terminal
of the adjacent breaker at the same node.
The fault currents through breaker BC are shown in Fig. 5. It
can be observed that the forward fault current reaches 5.1 pu
in 5ms and rises to 6.2 pu in 10ms. When examining the
reverse current whilst 3.0 pu is reached in 5ms, the current
falls to 2.1 pu in 10ms. A current oscillation is observed in
the cables adjacent to the fault at the resonant frequency of the
cable inductance and capacitance and the breaker inductance,
therefore the frequency of oscillation is dependent on the
cable length. It is shown that in the forward direction the
peak breaking current of the highest known capacity breaker
(6.6 pu) is exceeded in 11ms, whilst in the reverse direction
the peak current does not reach 6.6 pu in the 50ms following
the fault.
2) Circuit Breaker Inductance: Fig. 6 shows the observed
fault currents with variation in series inductance. When ex-
amining lower circuit breaker inductances, the fault current
in both directions through the breaker exceeds the current
rating of the highest capacity hybrid breaker in the first
milliseconds following fault inception. Simulation of higher
breaker inductances exhibits a slower rate of rise of current
in both the forward and reverse directions. Throughout all
tests the reverse breaker current remains less severe than the
forward current.
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Fig. 9: Three Terminal Asymmetric Network: Currents at
Breaker CA Under Varying AC-side Short Circuit Ratio Con-
ditions at Converter C
3) Converter Arm Inductance: A certain amount of arm
inductance is required to control the arm current in an MMC,
however this component is typically oversized to limit the
current in the event of a DC-side fault. In the base simulation
case a typical value of 0.2 pu has been chosen to limit the
current in the event of a fault at the converter terminal. Fig. 7
shows the impact of reducing this arm inductance. It can be
observed that although there is a significant impact on the rate
of rise of forward current the reverse current is not significantly
affected.
B. Three Terminal Asymmetric Network
To determine the dependence of the reverse current charac-
teristic on the length of the connected cables, fault studies have
been conducted on an asymmetrical three terminal network,
Fig. 3, with the parameters listed in Table I. This aims
to provide a more representative model of a small meshed
network.
1) Line Length: Given the significant capacitance and in-
ductance of cable transmission mediums the length of cables
can play a significant role in the fault currents experienced on
a network. Fig. 8 examines the breaker fault currents during
a fault at the terminal at each breaker, in which the influence
of line length is clearly shown. The forward breaker currents
are impacted by the length of the other cables about the same
node, whereas the reverse fault current characteristic depends
on the length of the cable being protected by the breaker. In
TABLE II: Line Lengths
3T Sym 3T Asym 5T
AB 200 200 200
AC 200 550 550
BC 200 85 85
BD - - 350
CD - - 220
CE - - 300
DE - - 120
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Fig. 10: Three Terminal Asymmetric Network: Currents at
Breaker CA Under Varying AC-side Short Circuit Ratio Con-
ditions at All Converters
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Fig. 11: Three Terminal Asymmetric Network: Currents at
Breaker CA under Varying Pre-fault Power Flow Conditions
(Maximum and Minimum Indicated with 1ms Resolution)
the first milliseconds the largest reverse current is observed
from the longest line due to the larger stored energy in the
line, however in the 10ms to 30ms range the largest reverse
current is observed on the shortest cable due to the lower
impedance limiting the fault current from remote converter
stations.
2) AC-side Short Circuit Ratio: The Short Circuit Ratio
(SCR) of the connected AC systems plays a significant role in
the fault current observed on the DC network. Whilst many
HVDC converters are likely to be connected to weak AC
systems, it is also feasible that a converter would be connected
to a very strong AC system, therefore the impact of this
parameter must be evaluated.
Evaluating the influence of the SCR at just converter C,
Fig. 9, it is observed that whilst the initial rate of rise of
fault current is similar for each simulation, the converter fault
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Fig. 12: Aggregated Peak Breaker Current Capacity Requirements: Five Terminal Network (Red and Purple) and Three Terminal
Network (Blue and Purple); 10ms following Fault Inception (Top Row, 0:5ms Resolution) and 50ms following Fault Inception
(Bottom Row, 2ms Resolution)
current at the local node is limited by the AC system. The
impedance between the remote nodes and the fault remains
constant therefore there is little deviation in the reverse current.
Evaluating the effect of the SCR of all the converters on
the network, Fig. 10, it is shown that the peak fault current is
significantly constrained when the available AC-side power is
restricted, and therefore the peak forward current is reduced.
The reverse current is slightly reduced for low SCR networks.
3) Pre-fault Power Flow: The impact of the pre-fault power
flow on the reverse current characteristic is now evaluated
on the asymmetric network. The pre-fault power flow has an
impact on the magnitude of the oscillations on the non-faulted
cables, therefore to provide a peak directional current profile
an aggregation has been made of the results by taking the
maximum current from all results in 1ms time divisions, as
shown in Fig. 11.
C. Comparison with Five Terminal Network
In order to better evaluate the difference between the
forward and reverse breaker currents, a five terminal meshed
network has been investigated. The most influential result from
the three terminal network studies, the pre-fault power flow,
will be subject to a parameter sweep in the following analysis.
All other parameters are fixed to the expected worst case
values presented in Table I. The peak fault currents for each
breaker location are then aggregated such that over each time
period (0:5ms or 2ms) the peak forward and reverse currents
are calculated for each breaker, as shown in Fig. 11. In this
manner a peak breaker current profile is formed, and it is
proposed that this may be used to evaluate a circuit breaker
topology and rating for application to a particular network
location.
For berevity only node C of the network has been presented;
by examining a node with 4 adjacent cables the results from
the part of the network that is topologically least similar to
a smaller network are shown. The peak directional breaker
current requirements have been evaluated for both three ter-
minal and five terminal networks. Fig. 12 shows the aggregated
results, in which the results from the three terminal network
have been overlaid for comparison. First evaluating the 10ms
following the fault, Fig. 12(a-d), it is shown that the five
terminal network has a larger forward current characteristic,
due to the greater fault in-feed from cable capacitance dis-
charge and remote converter current contribution. Examining
the 50ms following the fault, Fig. 12(e-h), the influence of line
length is clear, in particular in the characteristic of breaker
CB (protecting the 85 km line B-C) in which the forward
current is increased due to the increased current in-feed from
remote converters. The reverse current is increased due to the
comparatively low impedance between the fault and remote
converter stations.
In the forward direction, the initial current rises similarly on
both the three and five terminal scenarios, however the current
continues to rise on the five terminal network given the larger
infeed from the other additional converter stations. In general
the same trends can be observed on the five terminal network
that have been seen from the three terminal network studies,
and throughout each study the reverse current characteristic is
significantly less severe than the forward characteristic.
V. CONCLUSION
The directional characteristic of the HVDC circuit breaker
current has been examined, showing that there is significant
disparity between the breaker duties dependent on the current
direction at the breaker, both in terms of peak current breaking
capacity and the time the breaker may be required to operate
in. Based on these results it may be possible to reduce the
number of semiconductor devices for some proposed topolo-
gies of hybrid DC circuit breakers. In particular the reduced
reverse current breaking requirement may have implications
for circuit breaker design and protection system selectivity
timings in future HVDC networks.
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